Introduction
With the appearance of nanotechnology and nanoscience, the reverie of scientists to engineer functional resources to coalesce the best specific properties of organic and inorganic materials is closer to reality.
1 Among the different engineering materials, polymer reinforced by nanofillers introduced as nanocomposites showed great promise.
2
Polymer matrices incorporated with metal-oxide nanoparticles have attracted great attention in both material sciences and applied research because of the potential applications in catalysis, electronics, composites, and sensors. 3−6 For preparation of polymer nanocomposites different strategies have been used from laboratory to industrial scales. 7 Among these strategies, a novel production technique, the sonication process, which has been increasingly employed in recent years, has been demonstrated to be a simple but highly effective approach in nanocomposite preparation. 8 In our recent studies, the straight application of the sonochemical process by employing the ultrasonic cavities in surface treatment of nanoparticles and also in nanocomposite fabrication was performed. 9, 10 By using a sonochemical-assisted method different nanostructures like metal, metal oxide, and carbon nanotubes were modified to gain better dispersion properties for preparing new nanocomposites. Therefore, in this study, we report the synthesis of well-formed surface-modified cerium oxide nanoparticles (average size 50-60 nm) immobilized in the PAA matrix. The preparation of the nanocomposites was carried out via a sonochemical method by distribution of modified cerium oxide nanoparticles in the PAA matrix. The advantage of this procedure is that the polymer chains with different functional units are enclosed within the cerium oxide nanoparticles upon nanocomposite formation by ultrasonic cavities; hence, they do not form aggressive masses.
Materials
All the reagents were purchased from Aldrich and Merck Chemical Co. and used without further purification. Nanoceria powder was obtained from Neutrino Co. with average particle sizes of 35-45 nm. N, Ndimethylacetamide (DMAc) and N -methyl-2-pyrrolidone (NMP) were dried over BaO and then distilled in a vacuum.
Polymer synthesis
The synthesis of PAA was performed as follows. A 50-mL, 2-necked, round-bottomed flask equipped with a magnetic stirrer, nitrogen gas inlet tube, and calcium chloride drying tube was charged with 2 mmol of 3,5-diamino-N -(4-hydroxyphenyl) benzamide, 2 mmol of benzophenone tetra carboxylic dianhydride, and 3 mL of dry NMP. 36 The mixture was stirred at 0 • C for 0.5 h. Then the temperature was raised to room temperature and the solution was stirred for 48 h. PAA was precipitated by pouring the flask content into methanol. Then it was filtered, rinsed with hot water, and dried overnight under vacuum at 120 
Surface modification of CeO 2 nanoparticles
CeO 2 nanoparticles were dehydrated at 120
• C in an oven for 48 h to eliminate the adsorbed moisture.
Then 0.30 g of dried nanocerium oxide was sonicated for 15 min in absolute ethanol. Next 15 wt% of hexadecyltrimethoxysilane (HDTMS) to nanoparticles was added to the mixture, which was then sonicated for 20 min. The product was separated and dried at 60
• C for more than 24 h.
Fabrication of the PAA/CeO 2 nanocomposites
To the PAA (0.10 g) suspended by sonication process in ethanol (10 mL) the appropriate amount of modified CeO 2 nanoparticles was added and the mixture was sonicated for 15 min at room temperature and then stirred for 2 h. A homogeneous colloidal dispersion with 4, 8, and 12 wt% based on the PAA content was obtained.
After that the solvent was removed and the obtained product washed twice with ethanol and then dried in a vacuum at 80
• C for 2 h.
Results and discussion

Polymer synthesis and characterization
A novel PAA structure containing benzamide and hydroxyl functional units was synthesized through one-step low temperature polycondensation reaction of 3,5-diamino-N -(4-hydroxyphenyl) benzamide and benzophenone tetra carboxylic dianhydride monomers in NMP solvent. Scheme 1 described the route for the synthesis of PAA compound. The purpose of using functional diamine in this project was to increase the physical and chemical properties of intermediate polymer and enhance the interaction of PAA in the nanocomposite preparation stage.
The FTIR spectrum of the PAA is presented in Figure 1a (insert), which shows a broad absorption band in the region 3810-3200 cm −1 due to the hydrogen bonded -OH of carboxyl and hydroxyl units and strong absorption bands at 1722 and 1650-1648 cm −1 corresponding to C=O stretching of carbonyl and amides structures. The chemical structure of PAA was confirmed by
of the PAA is shown in Figure 1b . Two carboxylic protons of PAA due to the ring opening phenomena of anhydride groups appeared as a broad peak at 12.0-13.0 δ ppm; also phenolic groups related to the diamine side chain section appeared as a sharp peak at 9.26 δ ppm. The aromatic protons of the PAA structure appeared as multiplets at 6.68-8.18 δ ppm. The protons of the N-H bonds related to newly created amide units exhibited a sharp peak at 10.81 δ ppm. Furthermore, protons of the N-H bonds related to the preexisting amide unit in the structure of diamine came out at 10.15 δ ppm.
Polymers derived from 3,5-diamino-N -(4-hydroxyphenyl) benzamide are reported to be soluble in polar aprotic solvents. 36 The obtained results showed that the prepared PAA was soluble in organic solvents such 
Surface modification of CeO 2 nanoparticles
In this study, HDTMS, as one of the known silane coupling agent members, was examined in the treatment process for preventing the aggregation of CeO 2 nanoparticles in PAA-based nanocomposites. As can be seen from Scheme 2, the -OH groups on the surface of the CeO 2 nanoparticles are reactive sites for the reaction with alkoxyl groups (CH 3 O-) of HDTMS. The hydroxyl groups on the surface of CeO 2 nanoparticles were displaced by O-Si bonds to create the surface-modified CeO 2 nanoparticles. FTIR spectroscopy was used to inspect the functional groups present on the surface of CeO 2 nanoparticles before and after the surface variation process. Figures 2a-c show the FTIR spectra of the dried CeO 2 nanoparticles, HDTMS, and the surface-treated CeO 2 nanoparticles using HDTMS, respectively. In Figure 2a , the weak stretching band of the -OH groups at 3449 cm −1 suggests the presence of -OH groups on the surface of CeO 2 nanoparticles prior to the treatment process.
This band is significantly decreased and shifted to 3288 cm −1 after alteration by HDTMS, which may be clarified as -OH groups remaining on the surface of the structure of CeO 2 nanoparticles. The obtained spectrum for modified CeO 2 nanoparticles using HDTMS showed weak C-H stretching vibrations for methylene and methyl of HDTMS at 2922 and 2984 cm −1 . Additionally, the band at 885 cm −1 may correspond to Ce-O-Si stretching vibrations. As a consequence, these results indicate that the aliphatic groups were linked to the surface of CeO 2 nanoparticles. 
Nanocomposite production and evaluation
Treatment of the surface of cerium oxide nanoparticles using HDTMS with the assistance of ultrasonic cavities made it possible that modified nanoparticles existed in a separated mode and uniform matter without considerable aggregation to assemble the nanoparticles in homogeneous distribution in the nanocomposites' structure. The aliphatic nature of the coupling agent (HDTMS) and attachment of silanol units to the surface of cerium oxide nanoparticles by hydrolysis and then condensation reactions evinced the compatibility of the aromatic polymer backbone and inorganic cerium oxide nanofillers. The mechanism for the nanocomposites produced and the feasible interaction of PAA functional units and surface-treated CeO 2 nanoparticles are shown in Scheme 3.
The FTIR spectrum of the nanocomposites obtained showed the structural properties of PAA absorption bands due to the existence of carboxylic acid, amide, hydroxyl, and aromatic units. Moreover, due to the surface treatment process, different functional units such as C-O, aliphatic C-H, silanol, Ce-O, and Si-O-Ce bonds were observed in the FTIR spectra of each nanocomposite. , supporting that the surface-modified nanoparticles kept their crystallinity after the nanoparticles were irradiated by ultrasonic waves. This means that there was no variation in the unit cell of CeO 2 nanopowder due to the adsorption and/or interaction of PAA molecular chains on the surface of the CeO 2 nanoparticles. The average crystallite size of surface-treated CeO 2 nanoparticles calculated at the XRD peaks using the Debye-Scherer formula is 56 nm. The crystallite size of CeO 2 nanoparticles calculated from the XRD is consistent with the particle sizes obtained from FE-SEM and TEM images, which shows that the CeO 2 nanoparticles are well separated with no sign of aggregation. Moreover, a broad peak is characteristic of amorphous PAA.
CeO 2 Polymer
Organo modifier chains
Van der Waals interactions
Hydrogen bonding interactions determined by the quality of dispersion in the matrix. The nanostructure CeO 2 in the PAA can change the physical and mechanical properties of the nanocomposites. The size of the CeO 2 nanoparticles in the PAA matrix corresponds to that of separated nanoparticles, except for a few agglomerates. This may be because of the slightly high surface-modified nanocerium oxide content in PAA and aggregation of CeO 2 nanoparticles in the nanocomposites. The CeO 2 nanocomposites with 8 and 12 wt% nanomaterials were shown to have nanoparticles with size about 40-65 nm and also a few agglomerated structures; however, observable cracks were not detected in the images. The FE-SEM images demonstrate that the synthesized nanocomposites have approximately uniform diameter and explained the good compatibility and adhesion properties between PAA and surface-modifier nanoparticles in nanocomposites.
Particle size and morphology observations of cerium oxide nanoparticles in PAA/CeO 2 nanocomposite 8 wt% obtained by image analysis of TEM micrographs are shown in Figure 7 . The dispersibility of the nanoparticles in the nanocomposites decreased with increasing nanoceria content. Almost all of the nanoparticles inside the nanocomposite with 8 wt% CeO 2 content were dispersed to nanoscale, as shown in Figure 7 . As more nano-CeO 2 particles were used, more nano-CeO 2 agglomerates were observed, as previously discussed in Figure 6 by FE-SEM. As a result, the nanoparticles were homogeneously dispersed in the PAA matrix. The cerium oxide nanoparticles in the 8 wt% nanocomposites were in deposited structure and agglomerate states. The designed functional unit interactions between the PAA matrix and cerium oxide nanoparticle functional groups are responsible for observing the nanoparticles' sticking together. To investigate of spatial effect by the incorporation of CeO 2 nanoparticles into PAA, the topographies of PAA/CeO 2 nanocomposite with 4 wt% CeO 2 nanoparticles were observed using noncontact mode AFM. A 3-dimensional AFM image with a scale of 2.49 µ m × 2.49 µ m is given in Figure 8 . The surface of the nanocomposite sample was slightly rough. The presence of CeO 2 nanoparticles in the surface of nanocomposites could explain this phenomenon. The observed dimensions are about 15 nm for the cerium oxide nanocomposites with 4 wt% content. The dimensions are smaller than the reported average size of 45-60 nm by microscopic images, which may be owing to the partial protrusion of the nanoparticles in the surface of nanocomposites.
Thermal properties of the matrix and nanocomposites
The thermal properties of PAA and PAA/CeO 2 nanocomposites were investigated by TG/DTG and DTA/DDTA curves, which were prepared in an argon atmosphere at a heating rate of 10
• C/min. The initial decomposition temperature (T 0 ), the temperatures at 10% weight loss (T 10 ), and the weight residues at 800 • C for PAA and nanocomposites (4, 8, and 12 wt%) are given in the Table. The T 0 and T 10 results are the major criteria to decide on the thermal stability of materials. Figures 9 and 10 show the TG/DTG and DTA/DDTA curves of PAA/CeO 2 nanocomposite with 4 wt% nanomaterials. The high thermal stability of PAA could be related to the presence of different functional units and their interactions through the hydrogen bonding in the main or side chain of the macromolecule. Furthermore, amide units in the structure of PAA improved the thermal stability of the polymer structure. In addition, the presence of inorganic nanofillers in the structure of nanocomposites increases the thermal stability of the polymer matrix. The results indicated that the nanocomposites showed 2-step decomposition in TG curves. In the first step, in the range of 200-350
• C, the illustrated weight losses were related to the water removal and the thermal imidazation process. The second major decomposition process was associated with the cleavage of the bonds in the main and/or side chains of the polymer matrix in nanocomposite structures. The decomposition of the nanocomposites decreased with increasing amounts of CeO 2 . The increase in thermal stability could be ascribed to the high thermal stability of nanoceria. The maximum weight loss observed for nanocomposites was between 580 and 602 • C. Char yields of the macromolecule and nanocomposites can be applied as an important factor for estimation of limiting oxygen index (LOI) based on the Van Krevelen and Hoftyzer equation. 37 The LOI values are also listed in the Table. The obtained data showed that all nanostructures can be classified as self-extinguishing materials. In conclusion, PAA/cerium oxide nanocomposites were prepared by the blending of surface-modified cerium oxide nanoparticles with ethanol slurry of a PAA sample. The PAA and nanocomposite structures were then investigated by FTIR, H-NMR, XRD, AFM, FE-SEM, and TEM analyses. It was found that the surface treating agent (HDTMS), with long chains and strong affinity to the aromatic polymer backbone, favored enhancement of the dispersion of cerium oxide nanoparticles to more homogeneous nanocomposites. Moreover, the existence of functional moieties, which could form different physical interactions with inorganic filler, improved the nanoparticles' dispersion as confirmed by FE-SEM and TEM images. The FTIR spectrum confirmed the existence of nanoceria, creation of surface-modified nanoparticles, and presence of organic matrix coalescence with inorganic nanofiller in nanocomposites' structures. Furthermore, FE-SEM images showed that some holes existed in the prepared samples. This evidence may be due to the internal bonding of functional units in the PAA structures. Embodiment of nanoparticles in AFM topographic images provided evidence of the presence of CeO 2 in the PAA matrix. The CeO 2 nanoparticles were well dispersed in the PAA matrix with average particle size in the range of 50-65 nm as found by XRD, AFM, FE-SEM, and TEM analyses.
Experimental
Measurements
Infrared spectra of the samples were recorded at room temperature in the range of 4000-400 cm Frame, Bruker. A transmission electron microscope (ZEISS EM900 operating at 50 kV) was used to observe the morphology of nanocomposites.
